• First study to explore the effects of macrophage insulin resistance in aged cells.
Abstract
Insulin resistance is the central defining feature of type 2 diabetes and an independent risk factor for the development of atherosclerosis. In addition, aging is a major risk factor in the development of insulin resistance and cardiovascular disease. Macrophages play a pivotal roles the the developments of diabetes and atherosclerosis and express insulin receptors. Despite their relevance however, the effect of insulin and insulin resistance on macrophages regarding their inflammatory status, foam cell formation capacity and affect on atherosclerosis are unclear. By taking advantage of a mouse model that recapitulates the effects of chronic PI3K pathway hyperstimulation in macrophages through SHIP2 knock-down, we show that insulin resistance in aged macrophages promotes a proinflammatory phenotype while modulating the cholesterol biosynthesis pathway. These altered characteristics may contribute to the development of chronic inflammatory disease frequently observed with age. Moreover, aged insulin-resistant proinflammatory macrophages display an altered response to acute inflammatory stimulus and reduced foam cell formation capacity. Our work also highlights for the first time, the complex and contrasting immunomodulatory effects of insulin on macrophages in aged mice.
INTRODUCTION
Recent changes in human lifestyle resulting in obesity and survival to an advanced age have led to a global epidemic of type 2 diabetes 1 and cardiovascular disease 1 . Insulin resistance is the central defining feature of type 2 diabetes 2 and an independent risk factor for the development of atherosclerosis 3 . In addition, ageing is a well known risk factor for the development of insulin resistance and cardiovascular disease 3 . The role of insulin is well established in metabolic tissues including muscle, liver and adipose tissue [4] [5] [6] where it affects their function to regulate blood glucose levels and the term 'insulin resistance' is usually in reference to metabolic insulin resistance and the impaired ability of these metabolic tissues to respond to physiological levels of insulin. Yet insulin has significant, but less well-established roles in cells of the arterial wall 7 and immune system including macrophages [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Macrophages are phagocytic leukocytes of the innate immune system 21 that play significant direct and indirect roles in the progression of diabetes and atherosclerosis through their ability to secrete a wide array of potent inflammatory cytokines, proliferate in situ 22 and take up modified LDL in the arterial wall 23 . While the effects of insulin resistance in metabolic tissues in atherosclerosis are well defined [4] [5] [6] , the effects of insulin resistance in macrophages are less clear and often conflicting [10] [11] [12] [18] [19] [20] , which may be due to a lack of consistency with the models used and end points measured.
Notably, the majority of these mechanistic studies are performed exclusively on young mice, primary cells from young mice or cell lines.
Recent evidence has emerged that macrophage lipid metabolism and inflammatory response are intimately linked. For instance, down regulation of the macrophage cholesterol biosynthesis pathway can activate interferon (IFN) signalling 24 and cholesterol accumulation can activate the inflammasome response 25 . Furthermore, a modified product of cholesterol biosynthesis downstream of the cholesterol pool, 25-hydroxycholesterol (25-OHC), has potent antiviral affects 26 and promotes foam cell formation 27 -a critical step in the initiation and progression of atherosclerosis 28 . It is also appreciated that insulin-linked macrophage inflammation through IL-1β can acutely and directly affect systemic glucose homeostasis independently of 'metabolic' tissues 9 . In addition, insulin has been demonstrated to regulate cholesterol biosynthesis in liver 29 and brain 30 .
The lipid phosphatase SHIP2 is a negative regulator of the PI(3)K signalling pathway arm of insulin 31, 32 which is activated in macrophages by insulin at physiological concentrations 9 , and it is this pathway which is also affected in insulin resistant patients 33, 34 . In humans, polymorphisms of SHIP2 have been shown to be associated with obesity, diabetes and the metabolic syndrome [35] [36] [37] [38] [39] .
Through chronic knock-down of SHIP2, we sought to investigate how chronic dysregulated insulin signalling in aged macrophages affects their inflammatory profile and interrogate their ability to form 4 foam cells. We show that aged insulin resistant macrophages have profound changes in the macrophage transcriptome with upregulation of major inflammatory pathways including interferon signalling and inflammasome expression. In conjunction, we observe significant upregulation of the cholesterol biosynthesis pathway and the cholesterol hydroxylases Cyp27a1 and Ch25h and demonstrate that aged insulin resistant proinflammatory macrophages are less able to form foam cells.
MATERIALS AND METHODS

Mice
Generating h-SHIP2 Δ/+ mice. Mice were bred onto a C57BL/6J background for >10 generations in a conventional animal facility with 12-hour light/dark cycle. To examine the effect of chronically increased insulin signaling, male mice aged 50 weeks were used in all experiments, conducted in accordance with accepted standards of humane animal care under UK Home Office project license 40/3523. h-SHIP2 Δ/+ mice were generated as in 32 . In brief: catalytically inactive SHIP2 mutant mouse was generated by inserting Cre recombinase-specific loxP sites into intronic regions flanking exons 18-19 of the Inppl1 gene; mice with one floxed allele (SHIP2 (18) (19) /+ ) were crossed with Tie2-Cre mice (Jackson Labs) to produce progeny with germline hematopoietic-specific SHIP2 knock-down (referred to as h-SHIP2 KD ). Cre-positive SHIP2 +/-littermates were controls in all experiments.
Gene expression
mRNA was isolated using TRIzol (ThermoFisher), and SHIP2 mRNA quantified using SYBR-Green 
RNA extraction and quantification
Total RNA from was extracted with TRIzol Reagent (Invitrogen). Sample concentration and purity was determined using a NanoDrop™ 1000 Spectrophotometer and cDNA was synthesized using the qScript cDNA Synthesis Kit (Quanta). Specific genes were amplified and quantified by quantitative Real Time-PCR, using the PerfeCTa SYBR Green FastMix (Quanta) on an MX3000p system (Agilent). Primer sequences are shown in supplementary table 1. The relative amount of mRNAs was calculated using the comparative Ct method and normalized to the expression of cyclophylin 41 .
RNA array and analysis
Total RNA was extracted using TRIzol reagent (Life technologies), processed and hybridized to GeneChip™ Mouse Transcriptome Array 1.0 (MTA 1.0.) sets. Volcano plots and heatmaps were generated using Transcriptome Analysis Console Software 4.0.1 (Applied Biosystems).
Foam cell assay and quantification
Five days post-differentiation, LCM-containing medium was removed was removed from the BMDM which were washed three times with warm PBS and incubated with DMEM containing low endotoxin (≤10 EU/mL) 10% FBS and 20 µg/mL gentamycin without any LCM and treated with native or acLDL (#5685-3404, Bio-Rad) at indicated concentrations for 24 h. Cells were then washed twice in PBS, fixed for 10 min 4% PFA, washed in PBS, rinsed in 60% isopropanol for 15 sec, incubated with Oil
Red O for 1 min and rinsed for 15 sec in 60% isopropanol before 3x final PBS washes. Cells were imaged (Leica, DFC310FX) under a dissection microscope (Leica, MZ10F). Oil red O staining intensity was analysed using Image J.
Protein isolation and immunoblotting
Total cellular protein lysates (30µg) were loaded onto a 10% SDS-PAGE gel, electrophoresed and transferred onto a PVDF membrane. The membrane was probed with anti-phosphoAkt (#4060, Cell Signaling), anti-Akt (#4691, Cell Signalling) and anti-Hsp90 (sc-7947, Santa Cruz) overnight in 2.5% BSA, TBS, followed by incubation with anti-rabbit (PO448, Dako) or anti-mouse (NA931VS, GE Healthcare) horseradish-peroxidase-tagged antibodies. Chemiluminescence (ECL 2 Western Blotting Substrate, Pierce) was used to visualise proteins.
Statistics
Results are expressed as mean (SD). Comparisons within groups were made using paired Students t-tests and between groups using unpaired Students t tests or repeated measures ANOVA, as appropriate; where repeated t-tests were performed a Bonferroni correction was applied. P≤0.05 considered statistically significant.
RESULTS
Insulin resistance in aged macrophages results in reprogramming of inflammation and cholesterol biosynthesis gene expression
To investigate the impact of insulin resistance on macrophage inflammation in the context of aging we aged the hematopoietic SHIP2 knock-down mouse 42 (h-SHIP2 KD ) for 50 weeks. Cultured bone marrow derived macrophages (BMDM) from these mice 40 were compared to their Tie2Cre expressing litter mates for all experiments described. BMDM from aged h-SHIP2 KD mice expressed catalytically inactive SHIP2 (Fig. S1A ) and were shown to be insulin resistant as assessed by the lack of phosphoAkt-S473 induction by insulin (Fig. S1B) . Array profiling revealed two very different transcriptomes (Fig. S1C) showing differential expression of more than 4000 genes (2474 up-and 1673 down-regulated significantly by more than 2-fold) comparing aged h-SHIP2 KD to aged WT BMDM (Fig. 1A&B) . Hallmark pathway analysis demonstrated that the top regulated pathways were those related to interferon immune responses (Fig. 1C, D and Fig. S1D ). Upregulation of several of these known interferon responsive genes was confirmed by RT-qPCR in a separate set of experiments (Fig. S2A) . The existence of an interferon-cholesterol pathway flux axis 24 has been reported in these cells. Further interrogation of our array data revealed up-regulation of the majority of genes in the cholesterol biosynthesis pathway in the insulin resistant h-SHIP2 KD BMDM (Fig   1.E&F (Fig. S2B ). In addition, cholesterol accumulation in macrophages has been linked to inflammasome activation 25 .
Our array data clearly showed the up-regulation of multiple components of the inflammasome 43 in aged h-SHIP2 KD BMDM compared to WT: (Nlrp3 (1.75-fold, P=0.05), Casp1 (2.19-fold, P=0.06), Casp4 (4.31-fold, P=0.05) Nlrp1b (2.16-fold, P=0.06)), (Fig. S2C & D) . Together the data suggests that insulin resistance in an aged macrophage promotes significantly increased basal inflammation potentially through modulation of cholesterol metabolism.
Insulin directly regulates cholesterol biosynthesis and interferon gene expression in a time
and concentration dependent manner.
In normal physiology, blood insulin levels fluctuate from 0.5 -1 nmol/L when fasting, to ~5 nmol/L after a meal 44 prior to clearance by the liver, which results in peripheral tissues receiving up to 10 fold less insulin. Insulin resistance however, results in hyperinsulinemia 45 to compensate for reduced insulin function in metabolic tissues. Insulin has been shown to directly regulate cholesterol biosynthesis in liver 46 and brain 30 and insulin resistance in macrophages has been linked to cholesterol metabolism in macrophages 10, 47 although the exact mechanisms of this regulation are unknown. This could be of relevance for the development of metabolic complications in cardiovascular disease. Therefore we next investigated insulin regulation of cholesterol biosynthesis in macrophages in the context of atherosclerosis. To this end, cultured BMDM from Low density lipoprotein receptor knock-out mice (Ldlr KO ) were exposed to insulin at a range of physiological concentrations and time points that mimic healthy, postprandial and pathophysiological levels of insulin (Fig. 2A&B) . We demonstrate that BMDM cholesterol biosynthesis genes respond to acute effects of insulin (Fig. 2A&B) and interestingly the individual gene responses were dependent on concentration and duration of insulin exposure (Fig. 2A&B) (Fig. S3A) . Insulin has been shown to be a direct inflammatory agent demonstrated through upregulation of classical proinflammatory cytokines such as TNFα 13 and IL-1β 9 . We confirmed that insulin had an acute inflammatory effect on Ldlr KO BMDM on TNFα and IL-1β expression. Notably, we found this response to be time and concentration dependent (Fig.   S3B&C ). We then explored whether insulin could acutely stimulate the IFN signalling genes.
Consistently, separate experiments showed insulin induction of interferon genes Mx1 and Stat1 ( Macrophage inflammatory responses are linked to lipid metabolism 24, 25 . As we have demonstrated that the aged insulin resistant h-SHIP2 KD macrophages have a dysregulated cholesterol biosynthesis and inflammatory profile (Fig. 1D&E and S2A-D) , we next explored whether these insulin resistant macrophages would exhibit a differential metabolic and inflammatory response when challenged with LPS. BMDM from aged WT and h-SHIP2 KD mice were exposed to LPS for 6 hours. It has been shown previously that LPS-stimulated macrophages store more triglyceride and cholesterol esters and that LPS induces Hmgcr, the rate limiting enzyme in the cholesterol biosynthesis pathway and target of the statin family of hypolipidemic drugs 48 . We confirmed Hmgcr upregulation in aged WT BMDM (4.61-fold, P=0.01), and to a lesser extent in h-SHIP2 KD (3.58-fold, P=0.002) (Fig. 3A) . Furthermore, other genes in the cholesterol biosynthesis pathway were shown to be less responsive in aged insulin resistant h-SHIP2 KD macrophages (Fig. 3A) . LPS has also be observed to be a strong inducer of the cholesterol hydroxylase Ch25h 49 which converts cholesterol to 25-hydroxycholesterol (25-OHC). Beyond its metabolic role in cholesterol homeostasis as a negative regulator of cholesterol biosynthesis 26 , 25-OHC has been shown to have important direct antiviral functions 26 , modulate adaptive immune responses 49 and affect foam cell formation through lipid droplet retention 27 . In addition to Hmgcr, expression of Ch25h was also shown to be less responsive to acute LPS challenge in the aged h-SHIP2 KD cells compared to aged WT control BMDM (Ch25h 68-fold, P=<0.0001 vs 189-fold, P=0.0002 respectively) (Fig. 3A, right panel) . In keeping with this less responsive phenotype, the levels of IFN signaling genes were also shown to be less responsive to LPS in h-SHIP2 KD macrophages (Fig. 3B) . Intriguingly, components (Fig. 3C ).
As our insulin stimulation data have highlighted the important roles that time and concentration of insulin play in macrophage cholesterol metabolism and inflammatory responses ( Fig. 2 and Fig. S3), we also investigated LPS responses in aged BMDM after a longer 24 hour incubation period. Consistent with our previous observations at 6h (Fig. 3A) , Hmgcr expression showed significant upregulation in WT and h-SHIP2 KD BMDM after 24 hrs of LPS (Hmgcr 5.54-fold, P=<0.0008 vs 5.29-fold, P=0.02 respectively) (Fig. S4A) as did further genes in the cholesterol biosynthetic pathway (data not shown).However, in striking difference to the short term LPS challenge, genes involved in cholesterol catabolism including Ch25h were negatively regulated after 24hrs of LPS challenge in WT and h-SHIP2 KD (Ch25h 0.16-fold, P=0.002 vs 0.27-fold, P=0.02 respectively) (Fig. S4B) .
Recently it has been shown that at high concentrations of insulin, components of the inflammasome including Nlrp3 are up-regulated in M1 classically-activated macrophages but not in unstimulted or MO macrophages 9 . Therefore we next explored if the aged insulin-resistant pro-inflammatory h-SHIP2 KD macrophages would also demonstrate inflammasome upregulation in response to insulin (Fig. S4D) . We observed no induction in WT (MO) macrophages, intriguingly however, we observed a trend towards negative regulation of Nlrp3, Il-1β, Il-18 and Il-18bp in h-SHIP2 KD (Fig. S4D) .
Expression of inflammasome components in response to LPS challenge was shown to be significantly increased in the h-SHIP2 KD compared to WT (Fig. S4E ) however we observed a repeated trend towards anti-inflammatory actions of insulin when co-incubated with LPS (Fig. S4E) .
Taken togther, the data points to aged insulin resistant macrophages exhibiting increased inflammation at a basal level, and are generally less able to respond to acute inflammatory challenge.
Insulin resistance in aged macrophages reduces foam cell formation capacity and alters
Ch25h and inflammasome response to modified LDL.
Insulin resistance is an independent risk factor for atherosclerosis 3 . We have observed differences in cholesterol metabolism including cholesterol hydroxylase enzyme expression Ch25h shown to play a role in foam cell formation through lipid droplet retention. We investigated how insulin resistance in aged macrophages would affect foam cell formation capability. Aged WT and aged h-SHIP2 KD macrophages were incubated with acetylated LDL or native LDL for 24 hours. We found that aged h-SHIP2 KD BMDM showed resistance to foam cell formation (Fig. 4A ) when compared to aged WT controls. We next explored changes in mRNA expression of cholesterol biosynthesis metabolism genes in these foam cells. As observed by others 50 , expression of genes in this pathway were negatively regulated in response to cholesterol loading, however these responses were similar between h-SHIP2 and WT (Fig. S5A) . In contrast, we observed differences in the response to acLDL (Fig. 4B) . Cholesterol accumulation has been linked to activation of the inflammasome in young mouse BMDM 25 . Thus, we next investigated inflammasome gene expression response to acLDL loading in h-SHIP2 KD vs WT BMDM. We found that Casp1, Il-1β or Il-18 responses was not affected by modification of insulin signalling through the PI3K pathway (Fig. S5B) . Interestingly though, Nlrp3 was down-regulated in h-SHIP2 KD vs WT BMDM (Nlrp3 0.49-fold, P=0.06 vs 0.8-fold, P=0.12, respectively) (Fig. 4C ) which may indicate a difference between young and old insulin resistant macrophages response to cholesterol loading. The data show that aged insulin resistant macrophages have reduced ability to form foam cells, and that this may be due to increased activity of cholesterol hydroxylases Cyp27a1 and Ch25h modulating intracellular cholesterol levels.
DISCUSSION
The effects of macrophage insulin resistance and inflammation in the context of atherosclerosis are unclear. Indeed several studies demonstrate that macrophage insulin resistance promotes atherosclerosis or foam cell formation 10, 14, 19 while a similar number of reports show that macrophage insulin resistance is protective 11, 17, 20 . These discrepancies may be due to the different models of insulin used and time points explored. Remarkably, while ageing is a significant risk factor for insulin resistance and atherosclerosis, the majority of these studies are performed on young mice 51 , cells from young mice, or cell lines. Furthermore, the normal physiological role of insulin on macrophages is yet to be fully appreciated as several studies have shown insulin to have anti-inflammatory functions 8, 15 , while others demonstrate pro-inflammatory functions of insulin 9,13,18,52 on macrophages. Here we sought to determine the effects of insulin resistance in aged macrophages on inflammatory phenotype and their capacity to form foam cells -a pivotal step in the progression of atherosclerosis.
Chronic upregulation of the PI3K pathway in macrophages through SHIP2 knock-down results in macrophage insulin resistance. While previous models have employed insulin receptor ablation or knock-out of other components of the insulin signalling pathway to study insulin resistance, we utilised BMDMs with chronic SHIP2 knock-down (h-SHIP2 KD ) from our recently generated mouse model of aged insulin resistance 42 . SHIP2 is a negative regulator of the PI3K signalling pathway arm of insulin 31, 32 and it is this pathway which is activated in macrophages by insulin at physiological concentrations 9 , and it is this pathway which is affected in insulin resistant patients 33, 34 . Knocking-down SHIP2 mimics hyperstimulation of this pathway as seen in insulin resistant hyper-insulinemic patients 34 . We show that chronic SHIP2 knock-down in macrophages from 50 week-old mice results in insulin resistance (Fig. S1B) .
Aged insulin resistance in macrophages reprograms the transcriptome up-regulating proinflammatory pathways and cholesterol biosynthesis enzyme expression. Transcriptome array analysis reveal more than 4000 genes which were differentially expressed >2-fold with major upregulation of the interferon signalling pathways (Fig. 1C&D) . Recent work has demonstrated there exists a crucial feedback loop between macrophage cholesterol pathway flux and interferon signalling 24 . Our data also shows upregulation of cholesterol biosynthesis enzyme genes ( Fig. 1E&F and S2B) as observed in cholesterol starved cells. Insulin has been demonstrated to directly regulate cholesterol biosynthesis in liver 29 and brain 30 , and our novel findings now suggest that insulin resistance in macrophages dysregulates this pathway in aged macrophages.
Insulin can directly activate cholesterol biosynthesis and interferon genes in macrophages.
As insulin has been demonstrated to directly regulate cholesterol biosynthesis in liver 29 and brain 30 we sought to determine if insulin can directly regulate genes of the cholesterol biosynthetic pathway in BMDM. We observed that insulin can directly up-or down-regulate these genes in a time and concentration dependent manner ( Fig. 2A&B and S3A ) which is befitting of a hormone which itself is cyclic/phasic in its behaviour in both normal physiology and insulin resistance pathology. As others 9,13 , we observed that insulin can act directly as a proinflammatory agent in macrophages (Fig.   S3B&C ), and we went on to show that a limited number of interferon genes were consistently activated by insulin (Fig.2C) . However, other IFN genes were not, as observed from the chronic dysregulated insulin-signalling array data (Fig.1D) , which may reflect the significance of exposure times to insulin that macrophages require for dysregulation in a pathophysiological setting.
Aged insulin resistant proinflammatory macrophages respond acutely to LPS through
further up-regulation of Il-1β and Il-18. We found that upon acute exposure to LPS, aged WT macrophages responded in a typical fashion through upregulation of cholesterol biosynthesis pathway genes (Fig.3A) , interferon signature genes (Fig.3B ) and inflammasome associated genes (Fig.3C) . However, h-SHIP2 KD BMDM reacting from a higher pro-inflammatory basal state (Fig. 1C &D and S2A,C-D) were less able to respond to acute LPS challenge except for significantly raised expression of Il-1β and Il-18 (Fig.3C) . Taken together, the data would suggest that insulin resistance promotes a proinflammatory macrophage phenotype with atered potential to respond to acute inflammatory stimulus such as that seen in infection.
Insulin has an anti-inflammatory effect. While we show that insulin has a direct inflammatory effect on macrophages ( Fig.2C and S3B&C , we also observed anti-inflammatory properties of insulin when incubated with LPS across a range of inflammasome associated (Fig.S4D ) and IFN signature genes (Fig.S4E) . Previous reports have demonstrated anti-inflammatory action of insulin on macrophages 8, 15 . Overall, our data indicate that insulin may have a dual role in inflammation, perhaps acting as a pro-inflammatory agent in an unactivated (MO) macrophage, and an antiinflammatory agent in an activated macrophage.
Aged insulin resistant proinflammatory macrophages are less able to form foam cells. We show that upon loading with modified LDL, aged macrophages with defective insulin signalling are less able to form foam cells (Fig.4A ) -which is a pivotal step in the progression of atherosclerosis.
Interestingly, we find changes in responses of the cholesterol hydroxylase genes downstream of the cholesterol pool: Cyp27a1 and Ch25h (Fig. 4B) . A ground-breaking report has recently shown that non-foamy, rather than foamy macrophages, have a proinflammatory profile 53 and that peritoneal macrophages when challenged with modified LDL accumulate desmosterol (a cholesterol biosynthetic intermediate) which suppressed inflammatory gene expression) 50 . Furthermore, 25- hydroxycholesterol (the product of Ch25h) also has direct role in inflammation 26 and foam cell formation 27 . Our work therefore extends previous reports that macrophage insulin resistance is protective against foam cell formation 11, 12 to an aging setting and suggests that the role of Ch25h may play a significant role in this process.
Collectively, this study demonstrates that in a physiologically relevant model of aged insulin resistance (h-SHIP2 KD ), macrophages display a proinflammatory transcriptome which may contribute to the development of chronic inflammatory disease frequently observed with age. This heightened inflammatory state responds abnormally to acute inflammatory stimulus and compromises the macrophages ability to form foam cells (Fig. 5 A-C) . Our work also highlights for the first time the complex and contrasting immunomodulatory effects of insulin on macrophages in aged mice. demonstrates selective inflammatory response to acute inflammatory stimulus and (C) are less able to form foam cells.
